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Abstract Over the last decade the number of applications
of ﬂuorescence correlation spectroscopy (FCS) has
grown rapidly. Here we describe the development and
application of a software package, FCS Data Processor,
to analyse the acquired correlation curves. The algo-
rithms combine strong analytical power with ﬂexibility
in use. It is possible to generate initial guesses, link and
constrain ﬁt parameters to improve the accuracy and
speed of analysis. A global analysis approach, which is
most eﬀective in analysing autocorrelation curves
determined from ﬂuorescence ﬂuctuations of complex
biophysical systems, can also be implemented. The
software contains a library of frequently used models
that can be easily extended to include user-deﬁned
models. The use of the software is illustrated by analysis
of diﬀerent experimental ﬂuorescence ﬂuctuation data
sets obtained with Rhodamine Green in aqueous solu-
tion and enhanced green ﬂuorescent protein in vitro and
in vivo.
Keywords Fluorescence correlation spectroscopy Æ
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Abbreviations EGFP: Enhanced green ﬂuorescent
protein Æ FCS: Fluorescence correlation
spectroscopy Æ FCCS: Fluorescence cross-correlation
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Introduction
Fluorescence correlation spectroscopy (FCS) was
introduced in the 1970s as a method for measuring
molecular diﬀusion, reaction kinetics and ﬂow of ﬂuo-
rescent particles (Magde et al. 1972, 1974, 1977; Elson
and Magde 1974; Ehrenberg and Rigler 1974; Arago´n
and Pecora 1975, 1976). The underlying principles of
FCS laid the foundation for a whole series of methods
that are collectively referred to as ﬂuorescence ﬂuctua-
tion spectroscopy. In FCS small spontaneous deviations
from thermal equilibrium in an open system are reﬂected
by ﬂuctuations in the ﬂuorescence intensity induced, for
instance, by ﬂuorescent molecules diﬀusing into and out
of a well-deﬁned observation volume generated by a
focused laser beam. The ﬁrst measurements, however,
suﬀered from poor signal-to-noise ratios due to high
background emission. It was not until the integration of
confocal detection optics that the observation volume
could be reduced to sub-femtoliter volumes, thereby
reducing the background emission signiﬁcantly (Qian
and Elson 1991; Rigler et al. 1993). Moreover, the
introduction of stable laser sources, highly eﬃcient
photon detectors, improved hardware correlators and
high-quality microscopy optics greatly increased the
sensitivity of FCS and subsequently increased the
detection limit to the single-molecule level (Eigen and
Rigler 1994; Rigler 1995; Maiti et al. 1997). In a typical
experiment a focused laser beam continuously illumi-
nates a ﬁxed region within the sample. Although ﬂuo-
rescent particles throughout the excitation volume are
excited, only the ﬂuorescence from particles present in a
limited observation volume is detected. Each time a
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ﬂuorescent molecule enters the observation volume a
burst of ﬂuorescence photons is detected. When diﬀu-
sion is the only dynamic process causing intensity ﬂuc-
tuations, the duration of this photon burst reﬂects the
time a particle needs to diﬀuse across the observation
volume. Autocorrelation of the intensity ﬂuctuations
results in a curve that can be analysed to yield the
average number of particles in the observation volume
and the average diﬀusion time (or residence time).
Alternatively, the amplitude of the emission bursts
contains information about the molecular brightness of
the particle, since bright particles will on average give
rise to larger ﬂuorescence bursts than dimmer molecules.
The frequency of the ﬂuorescence intensities can be
plotted in a histogram of ﬂuorescence intensities (Chen
et al. 1999; Kask et al. 1999). Analysis of this photon
distribution yields the molecular brightness and the
number of the particles having that brightness. The
molecular brightness can be deﬁned as the number of
detected ﬂuorescence photons per molecule per second.
A brief summary of expressions for the autocorrela-
tion function is given here. More extensive descriptions
of the basic principles of FCS have been published
elsewhere (Elson and Magde 1974; Thompson 1991;
Rigler and Elson 2001). The normalised ﬂuorescence
ﬂuctuation autocorrelation function G(s) for the devia-
tion of the signal dI(t) from the average ﬂuorescence
intensity (dI tð Þ  I tð Þ  hI tð Þi) is deﬁned as
G sð Þ ¼ 1þ hdI tð Þ  dI t þ sð ÞihIi2 : ð1Þ
The autocorrelation function describing j indepen-
dent molecular species diﬀusing freely in a 3D-Gaussian-
shaped observation volume (Veff ¼ p3=2x2xyxz; xxy and xz
are the lateral and axial radii, respectively) is
G sð Þ ¼ 1þ 1hNi 
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where j=1, 2, 3,... and
P
j
Fj ¼ 1.
The lateral diﬀusion time sdif describes the residence
time of a particle in the observation volume, which is
related to the diﬀusion coeﬃcient sdif ¼ x2xy= 4Dtranð Þ.
The amplitude of the correlation function, G(0), repre-
sents the average number of molecules <N> found in
the observation volume: G 0ð Þ  1 ¼ 1=hNi.
In Eq. 2 it is assumed that the ﬂuorescent brightness
of a molecule is not changed during movement through
the observation volume. However, an additional process
commonly observed in autocorrelation analysis is in-
tersystem crossing, the transition of a dye molecule from
the ﬁrst excited singlet state to the relatively long lived
ﬁrst excited triplet state. No ﬂuorescence photons are
emitted during the relaxation time to the ground state
and the dye appears to be dark for a short interval
(Widengren et al. 1995). It has been shown that intra-
molecular and intermolecular reactions that induce
intensity ﬂuctuations on a time scale much faster than
motion-related ﬂuctuations, thereby not altering the
diﬀusion behaviour, can be taken into account by mul-
tiplying the motional term with one describing the
reactions; therefore, Gtotal sð Þ ¼ Gmotion sð Þ  Gkinetics sð Þ
(Palmer and Thompson 1987; Widengren and Rigler
1998). The autocorrelation curves for a diﬀusing single
species displaying intersystem crossing to the triplet state
exhibit an additional shoulder on the microsecond time
scale and are described by (Widengren et al. 1995):
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where T is the fraction of molecules in the triplet state
and 1/strip the corresponding triplet decay rate. If the
observed system consists of multiple species with dif-
ferences in molecular brightness g, the autocorrelation
curve has to be adjusted by taking into account the
molecular fraction Y and molecular brightness g of each
species:
G sð Þ ¼ 1þ 1hNi 
1 T þ T es=strip
1 Tð Þ
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In Eq. 4 it is assumed that all species have the same
triplet characteristics.
Besides measurements of local concentrations or
diﬀusion times, FCS is capable of observing a whole
range of other dynamic processes. Comprehensive re-
views (Hess et al. 2002; Thompson et al. 2002; Bacia and
Schwille 2003) and a book (Rigler and Elson 2001)
dedicated to this technique clearly demonstrate its ver-
satility. FCS measurements of molecules in solution in-
clude the observation of translational diﬀusion (Magde
et al. 1974), rotational diﬀusion (Ehrenberg and Rigler
1974; Arago´n and Pecora 1975, 1976), intersystem
crossing (Widengren et al. 1995), chemical reactions
(LaClair 1997), conformational dynamics of DNA
hairpins (Bonnet et al. 1998), photobleaching (Eggeling
et al. 2001), ﬂavins and ﬂavoproteins (Visser et al. 2001;
Van den Berg et al. 2001), viscosity (Visser et al. 1999)
and photodynamics of red ﬂuorescent proteins (Schenk
et al. 2004). FCS has also proved to be a suitable tech-
nique to detect nanoparticles and ﬂowing particles
(Akcakir et al. 2000; Kunst et al. 2002) and to study
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membrane-mimetic systems (Bastiaens et al. 1994; Hink
and Visser 1998; Hink et al. 1999; Korlach et al. 1999;
Schwille et al. 1999a; Fradin et al. 2003). In addition,
special studies have been addressed to investigate the
ﬂickering dynamics of variants of green ﬂuorescent
protein (GFP) (Haupts et al. 1998; Schwille et al. 2000;
Heikal et al. 2000), the hybridisation of DNA and RNA
sequences (Walter et al. 1996; Oehlenschla¨ger et al.
1996), ligand–receptor interactions (Rauer et al. 1996)
and the binding of single-chain antibodies to gram-
negative bacteria (Hink et al. 2000). In recent years there
have been an increasing number of publications con-
cerning FCS in living cells (for a review, see Schwille
2001a). The ﬁrst publications reported on the mobility
of microinjected ﬂuorospheres were by Berland et al.
1995 and Brock et al. 1998. The binding of substrates to
the cell membrane of living cells (Rigler et al. 1999a;
Pramanik et al. 1999; Boonen et al. 2000; Goedhart et al.
1999, 2000; Henriksson et al. 2001) or the diﬀusion of
biological relevant molecules (Politz et al. 1998; Koop-
man et al. 1999; Cluzel et al. 2000) has also been de-
scribed. Intracellular measurements demonstrated that
FCS allows us to distinguish between diﬀerent kinds of
movement: active transport, 3D diﬀusion or restricted
anomalous diﬀusion (Ko¨hler et al. 2000; Wachsmuth
et al. 2000; Schwille et al. 1999a). Furthermore, two-
photon excitation has been implemented in FCS (Ber-
land et al. 1995; Schwille et al. 1999a) and it was dem-
onstrated that two-photon excitation can signiﬁcantly
improve the signal quality in turbid samples like plant
cells or deep cell layers (Schwille et al. 1999b). From the
reports on cellular FCS it has become clear that pro-
cesses like cellular autoﬂuorescence, photobleaching of
the dye, cellular damage and reduced signal-to-noise
ratios due to scattering and absorption can seriously
interfere with the ﬂuorescence ﬂuctuation measurements
in the living cell. These problems have been addressed in
detail in relation with experiments in plant cells
expressing diﬀerent variants of GFP (Hink et al. 2003).
The application of FCS to study molecular interac-
tions based upon diﬀerences in diﬀusion times is lim-
ited by the fact that the diﬀusion time is relatively
insensitive to molecular weight. The diﬀusion coeﬃ-
cient of a spherical particle scales inversely to the
hydrodynamic radius rh of the particle according to the
Stokes–Einstein relation rh ¼ kT= 6pgvDtranð Þ, where gv
is the viscosity, T the absolute temperature and k the
Boltzmann constant. Assuming that rh of the particle is
proportional to the cube root of its molecular weight
M, sdif can be rewritten as
sdif 
3px2xygv
2kT
ﬃﬃﬃﬃﬃ
M3
p
; ð5Þ
showing that sdif is proportional to the cube root of the
molecular weight. Therefore, to study interaction
between diﬀerent molecules of almost equal sizes (as in
the case of protein monomers and dimers) FCS will
encounter problems in separating free diﬀusing
molecules from molecular complexes. Meseth et al.
(1999) have examined the resolving power of FCS to
distinguish between diﬀerently sized particles. In the case
of unchanged molecular brightness, the diﬀusion times
of two species have to diﬀer at least by a factor of 1.6,
which corresponds to a minimum fourfold mass diﬀer-
ence to distinguish the two species. Smaller mass dif-
ferences may be retrieved from the autocorrelation
traces but then detailed knowledge of, for instance,
photophysical properties of each individual molecule is
required. In most experimental systems and especially
for measurements inside the living cell, these properties
are hard to obtain. To overcome these limitations dual-
colour ﬂuorescence cross-correlation spectroscopy
(FCCS) has been proposed (Eigen and Rigler 1994) and
developed (Schwille et al. 1997, Schwille 2001b). In the
last few years an increasing number of applications of
dual-colour FCCS have been reported. These vary from
enzyme kinetics (Kettling et al. 1998; Koltermann et al.
1998, Rarbach et al. 2001), nucleotide hybridisation
(Schwille et al. 1997; Rigler et al. 1999b) and protein–
DNA interactions (Rippe 2000) to the application of
two-photon excitation (Heinze et al. 2000). Dual-colour
FCCS applications in live cells have been reported re-
cently (Bacia et al. 2002; Hink et al. 2003).
Given the wide variety of applications of ﬂuores-
cence ﬂuctuation spectroscopy it is necessary to focus
attention on aspects of data analysis. In this paper we
describe a software package that can be used for
global analysis of correlation functions obtained by
FCS. In global analysis several correlation functions
are combined in one data set and are simultaneously
ﬁtted with certain parameters linked over the set,
ensuring more reliable parameter recovery and thus a
more consistent description of the underlying physical
processes (Beechem et al. 1991; Beechem 1992; Verveer
et al. 2000). Additionally, the quality of the ﬁt and the
performance of the optimisation method can be
improved by ﬁxing the parameters that are known a
priori from independent experiments and by generat-
ing appropriate initial guesses for the parameters, for
example, by the phase plane method (Novikov et al.
1999) adapted for the analysis of correlation functions.
After giving a description of the structure of the
program we present several examples of FCS mea-
surements and subsequent numerical analyses to
demonstrate the possibilities of the algorithms devel-
oped.
Materials and methods
Instrumental setup
Fluorescence ﬂuctuation measurements were performed
with a ConfoCor (Carl Zeiss & Evotec Biosystems,
Germany), a commercial single-channel system based on
a Zeiss Axiovert 135 inverted microscope with standard
confocal epi-ﬂuorescence microscope optics. All samples
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were excited with the 488-nm line of an air-cooled
argon-ion laser that was ﬁbre-coupled to the back of the
microscope. Inserting neutral-density ﬁlters in front of
the laser output, we attenuated the intensity of the
excitation light. Dichroic (LP500), excitation (488DF10)
and emission (530DF60) mirrors mounted in ﬁlter
sliders were employed to select the proper excitation
wavelength and to separate the ﬂuorescence from
excitation light. A water-immersion C-apochromat 40·
objective lens (N.A. 1.2) (Carl Zeiss, Germany) con-
taining an adjustable ring to correct for slight refractive
index mismatches focused the excitation light to a dif-
fraction-limited spot and collected the ﬂuorescence.
Samples were stored in either an 8-well (Naglenunc,
USA) or a 96-well plate (Whatman, UK) with a boro-
silicate bottom. To limit the size of the observation
volume a size-adjustable and motor-controlled pinhole
was placed in the image plane of the detection path. The
diameter of the pinhole was optimised to a value of
40 lm where a maximal count rate per molecule was
observed. An avalanche photodiode detector (SPCM-
AQ, PerkinElmer, USA) was placed directly behind the
pinhole. For FCS analysis the detector was coupled to a
fast digital ALV5000E correlator card (ALV, Germany)
that calculates the autocorrelation function in real time.
The system was controlled by the Access 1.0.12 software
(Carl Zeiss & Evotec Biosystems, Germany), which also
allows the evaluation of single autocorrelation curves to
a multicomponent 3D Brownian motion model ﬁt
including triplet kinetics (Eq. 3). To process raw data,
the detector was coupled to a dual-channel 32-bit, PCI
photon counting card (ISS, USA) (Eid et al. 2000) that
was controlled by Vista 3.03 software (ISS, USA).
System calibration
The system was calibrated by optimising the position of
the pinhole and the correction ring of the objective lens,
using 100 nM Rhodamine Green (Molecular Probes,
The Netherlands) in water. Optimal settings were
reached when the highest molecular brightness g (kilo-
hertz per molecule) was observed. The dimension of the
confocal volume element is represented as the structure
parameter sp ¼ xz

xxy . The structure parameter was
obtained by ﬁtting the autocorrelation curves of ﬂu-
orophores with known diﬀusion coeﬃcient to Eq. 3.
Samples
Rhodamine Green was dissolved in 100 mM phosphate-
buﬀered saline (PBS), pH 7.5. Enhanced GFP (EGFP,
F64L, S65T) was expressed and puriﬁed as described by
Hink et al. (2003) and dissolved in 100 mM PBS, pH 7.5
containing 20% (w/v) sucrose. Buﬀer solutions at other
pH were prepared by adding predetermined aliquots of
1 N HCl or NaOH. The ﬁnal EGFP concentration in the
experiments was 5 nM. Dictyostelium discoideum cells
expressing EGFP or PH2-EGFP (S65T) were handled
and cultured as described by Ruchira et al. (2004).
Vegetative cells were incubated in phosphate buﬀer
(17 mM, pH 6.5). Raw data traces were acquired over
90 s after positioning the detection volume at various
positions of the cell, based on a ﬂuorescence intensity
scan along the optical (z-)axis or visual inspections.
Results and discussion
Description of software package
Most software packages delivered with FCS hardware
are designed for controlling microscopes and therefore
have quite limited capabilities for ﬁtting correlation
functions. In order to perform a detailed analysis of any
measured FCS data set one needs an advanced software
package that combines strong analytical power with
simplicity of use. The FCS Data Processor (version 1.3)
(for Windows 95/98/ME/NT 4.0/2000/XP) is such a
package. During development of the FCS Data Pro-
cessor software eﬀorts were made to create analytical
tools that provide quick and precise ﬁt results for both
simple and complex systems. To reach this goal a set of
analysis algorithms and methods, consisting of previ-
ously known and some new self-developed routines,
have been included in the software package.
Fluorescence autocorrelation curves of complex bio-
physical systems are most eﬀectively analysed using the
global analysis approach (Beechem et al. 1991), where
several curves are ﬁtted simultaneously. Often, the value
of some of the parameters of the autocorrelation func-
tion measured for a set of samples under diﬀerent
experimental conditions can change with the conditions,
while other parameters are unaﬀected. One example is
the structure parameter (sp ¼ xz

xxy), which is unaf-
fected by changing conditions and, hence, can be ﬁxed in
the analysis. Also, certain parameters that are expected
to have the same value through all data sets can be
linked. The ﬁtting procedure keeps the values of the
linked parameters equal to each other during the opti-
misation procedure. The advantage in the global anal-
ysis approach, compared with the ﬁtting of individual
autocorrelation functions, is that more information
from the measurements is available for the optimisation
routine, as many autocorrelation curves participate in
the ﬁt. At the same time the use of appropriate linking
schemes can reduce the total number of parameters. The
combined use of both elements will increase the accuracy
of parameter estimation ensuring a more accurate rep-
resentation of the model describing the system dynam-
ics. The FCS Data Processor software allows adding and
globally analysing a large number of data sets. Because
the number of ﬁt parameters is usually large, the inter-
face implementation of the FCS Data Processor is
designed to simplify the parameter management in the
case of the use of global analysis. Parameters can be
rapidly linked using the local menu commands enabling
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multiple selection in the parameter lists and drag-and-
drop operations.
It is well known that the accuracy of iterative ﬁtting
largely depends on the number of ﬁt parameters and
their initial guesses. The accuracy and speed of the
analysis can be considerably increased by preliminary
optimisation of the parameters. The FCS Data Proces-
sor provides the possibility to ﬁx ﬁt parameters that are
known a priori from independent measurements. This
improves the performance of the ﬁt routine by decreas-
ing the total number of parameters to be recovered. Also
the possibility to set minimum and maximum limits for
each unﬁxed parameter is implemented. This is useful in
cases where the approximate range of values of a certain
parameter is known. Setting parameter constraints also
increases the speed of the optimisation routine and in
many cases helps to avoid the trapping of the criterion
function (v2 statistic) into a local minimum. In order to
start the iterative ﬁt procedure from the point closest to
the global minimum of the criterion function, the FCS
Data Processor software uses specially developed algo-
rithms for generation of initial guesses of ﬁt parameters.
These algorithms are based on the phase plane method
(Novikov et al. 1999) adapted for the analysis of cor-
relation functions. In most cases generation of initial
guesses makes it possible to perform the required anal-
ysis in a few seconds. This novel feature of the data
evaluation package provides fast generation of most
initial guesses for all ﬁt parameters by clicking on only
one interface button.
The accuracy of the analysis also depends on the
weighting factors, calculated for each data point (Di
Cera 1992). Using improper weighting factors or simply
ignoring them may lead to parameter values that are not
correct. Unfortunately, it is not possible to calculate
directly the weighting factors from experimental corre-
lation functions. Only approximations may be used
(Koppel 1974; Wohland et al. 2001; Saﬀarian and Elson
2003). In the FCS Data Processor software the weight-
ing factors are calculated from the raw data according to
an algorithm proposed by Wohland et al. (2001). This
algorithm divides the raw data into N segments, calcu-
lates N autocorrelations and ﬁnds corrected standard
deviations from them.
The ﬁt parameters are obtained by a global ﬁtting
procedure, based on the Marquardt–Levenberg nonlin-
ear method of least squares (Marquardt 1963). The
goodness of ﬁt is judged by criteria such as the minimum
v2 statistic and visual inspection of the residuals between
experimental and ﬁtted curves. An error estimation of
the recovered parameters is performed by the exhaustive
search method (Beechem et al. 1991). In this method the
examined parameter is ﬁxed at a number of values in a
predetermined range, while other parameters are al-
lowed to be adjusted to the minimum of the criterion
function. Thus, the dependence of the criterion function
values on the examined parameter is observed. The
analysis stops when the calculated value of the criterion
function becomes higher than the one obtained from the
statistical F test (for that particular conﬁdence level and
number of degrees of freedom) (Bevington 1969). The
conﬁdence intervals in the FCS Data Processor can be
calculated with any user-deﬁned conﬁdence probability.
The FCS Data Processor contains an easily extend-
able library of frequently used model functions that can
be applied for analysis of ﬂuorescence ﬂuctuation data.
The model library contains the ‘‘pure-diﬀusion’’ model
that describes either the 2D- or the 3D-diﬀusion process
for heterogeneous samples (Thompson 1991; Brock et al.
1998), the ‘‘triplet-state’’ model that, in addition to dif-
fusion, also takes into account populating and depopu-
lating of the triplet state (Widengren et al. 1995), the
‘‘conformational’’ model that is applicable when con-
formational changes take place in diﬀusing molecules
(Edman et al. 1996) and the ‘‘protonation’’ model that
represents the correlation function in the case of ﬂuo-
rescence ﬂuctuations associated with proton association
and dissociation kinetics (Haupts et al. 1998). The FCS
Data Processor also contains a special ‘‘custom’’ model
that allows easy creation of user-deﬁned models that can
be directly applied for ﬁtting measured data. This fea-
ture opens a way for the researcher to create and test
self-developed models with minimum extra eﬀort. All
contents of user-deﬁned models, including the number
and the default settings of ﬁt parameters, model formula
and an optional description of the model, can be stored
in the database and easily loaded back when necessary.
Interface features
The FCS Data Processor consists of three modules, a
user-interface, a measurement database and an analysis
part, that can be further developed independently.
Correlation functions are imported into the measure-
ment database. Raw data stored in photon-delay mode
during the measurements can be imported too. A data
editor allows selecting, removing or changing the bin
width of certain sections of the raw data trace, after
which a ‘‘corrected’’ autocorrelation curve can be cal-
culated. This opens the possibility to analyse small sec-
tions of the measured data trace in the case that the
complete trace is disturbed by artefacts such as intensity
drifts (Chen et al. 2002; Ruchira et al. 2004) or the
presence of high-intensity bursts due to the presence of
multilabelled or aggregated particles (van Cra-
enenbroeck et al. 2001). The correlation curves are then
loaded into the analysis module that ﬁts the data
according to one of the standard models describing 2D,
3D, anomalous diﬀusion or user-deﬁned ﬁtting models.
Correlation curves can be simulated as well on the basis
of any model function. Regularly used model and
parameter settings can be stored in templates to accel-
erate the ﬁtting handling.
The structure of the software package developed is
presented in Fig. 1. The user interface has been devel-
oped based on the principles of a multidocument inter-
face enabling the opening of several experiments
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simultaneously and providing easy comparison of dif-
ferent ﬁt trials. The following components are imple-
mented in the user interface. The parameter
management component simpliﬁes the handling of a
large number of parameters. Parameters can be rapidly
linked using the local menu commands enabling multiple
selections in the parameter list and drag-and-drop
operations. Templates are available for quickly saving
and restoring the most frequently used analysis schemes.
Templates contain information about types, names and
number of the models that should be used, parameter
settings (such as the numerical value and minimum and
maximum values), and information on linking of com-
mon parameters. Templates can be directly applied to
the new data without any preliminary adjustment of the
model and parameter conﬁgurations. The 2D and 3D
graphical data representation is available for viewing
measured and ﬁtted data and the residuals. The 2D
graphical windows can display either all curves simul-
taneously or any selected curve available from a par-
ticular experiment. These windows provide X–Y zoom
and scroll possibilities. The 3D graphical component is
designed to display all curves in three dimensions and to
allow rotation of the complete image. The import and
export component is used to load experimental data
from the measurements database or to load analytical
conﬁgurations from the analysis database. This latter
database stores the results of the analysis: model con-
ﬁgurations, parameter-linkage schemes, recovered val-
ues of the parameters and ﬁtted correlation functions. In
particular, it allows exporting of measured data and
recovered correlation functions into ASCII ﬁles, to
preview templates.
The global analysis technique is illustrated in this
paper by analysis of diﬀerent experimental data sets
obtained with the ConfoCor instrument. The data refer
to experiments performed with Rhodamine Green in
aqueous solution and EGFP in vitro and in vivo.
Global analysis of ﬂuorescence autocorrelation curves
of Rhodamine Green
The autocorrelation curves of Rhodamine Green ﬂuo-
rescence intensity ﬂuctuations were analysed using the
triplet-state model (Eq. 3). To demonstrate the advan-
tage of global analysis for recovery of more precise
values of ﬁt parameters, several autocorrelation curves
were analysed separately and the conﬁdence intervals for
the diﬀusion time were determined. Afterwards the same
correlation functions were analysed globally with linked
diﬀusion times, triplet fraction, triplet lifetime and ﬁxed
structural parameter. The experimental and ﬁtted curves
are displayed in Fig. 2. The values and conﬁdence
intervals for the diﬀusion times and the triplet lifetimes
obtained are presented in Table 1. As can be seen, the
conﬁdence interval obtained for both the diﬀusion and
the triplet decay time is much narrower in the case of
global ﬁtting than in the case of separate ﬁtting. It was
also quite diﬃcult to get a reliable value for the triplet
fraction in the case of separate ﬁtting. Without setting
an upper limit it rises to 91.5% and the triplet lifetime
becomes too short (approximately 0.19 ls). At this laser
intensity an acceptable ﬁt was obtained only after setting
the upper limit for the triplet fraction to 20%. Therefore,
Fig. 1 Structure of the FCS Data Processor software. The software
is built around an application manager that is connected to three
diﬀerent modules to be developed independently. The experimental
and ﬁtted data are managed by a database module. The analysis of
the data takes place in the analysis module where the ﬂuorescence
autocorrelation curves can be ﬁtted to standard or user-deﬁned
models. A user interface gives the possibility to control the
experimental data, ﬁt parameters and analysis schemes. The user
can inspect the data via graphical presentations and export options
allowing for storage of experimental and recovered correlation
functions
Fig. 2 a Fluorescence autocorrelation curves of Rhodamine Green
in phosphate-buﬀered saline (PBS). Five experimental data sets
(grey lines) were ﬁtted globally (black lines) to the triplet-state
model (Eq. 3) linking all ﬁt parameters except the number of
particles. b The residuals of the global ﬁt
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it is always preferable to analyse several measured data
sets globally to get more reliable and precise values of
estimated parameters.
Laser intensity dependence of Rhodamine Green
ﬂuorescence autocorrelation curves
It is well known that the time dependence of ﬂuorescence
ﬂuctuations is aﬀected by the applied laser intensity. At
higher laser intensities a larger population of the mole-
cules will be driven into the triplet state (Widengren
et al. 1995). To study the dependence of the triplet-state
population on the laser excitation intensity, ﬂuorescence
autocorrelation curves of Rhodamine Green have been
determined using diﬀerent neutral density ﬁlters to
attenuate the laser intensity (Visser and Hink 1999). The
autocorrelation functions were analysed using the model
represented by Eq. 3. In Fig. 3a, a biphasic decay of the
experimental autocorrelation curves can be observed.
The slower decay has a constant amplitude and rate and
represents diﬀusion-dependent ﬂuctuations. The faster
decay, which grows in amplitude when the laser intensity
is increased, represents the relaxation of molecules in the
(dark) triplet state. Since only the fraction of triplet-state
molecules is dependent on the applied laser intensity, all
ﬁtting parameters except the triplet fraction, T, were
globally linked. Figure 3b shows the fractional increase
of triplet-state molecules when higher excitation inten-
sities are used.
pH eﬀects on EGFP ﬂuorescence autocorrelation curves
Haupts et al. (1998) showed that the ﬂuorescence
intensity ﬂuctuations observed for EGFP are not only
caused by diﬀusion of the ﬂuorescent protein but also
depend on the pH of the aqueous solution. The pH
dependence of the autocorrelation curves could be ex-
plained by two types of protonation processes. First, the
intermolecular hydrogen-bonding network is in contact
with the deprotonated form of Tyr66 of the chromo-
phore in EGFP. Protonation of Tyr66 will signiﬁcantly
decrease the ﬂuorescence quantum yield, since the
protonated chromophore does not absorb light at the
excitation wavelength of 488 nm. This eﬀect is inde-
pendent of the pH of the buﬀer and is referred to as
internal protonation (Haupts et al. 1998). Second, the
protonated Tyr66 can exchange its proton with the ones
from the aqueous buﬀer surrounding the EGFP mole-
cule. This latter eﬀect is due to an external protonation
process and can be studied by measuring autocorrelation
curves of EGFP in aqueous solutions at diﬀerent pH.
We have repeated these experiments. The autocorrela-
tion curves for EGFP measured at diﬀerent pH were
analysed globally using the model represented by Eq. 6,
resulting in parameters describing the diﬀusion (sdif),
internal protonation (amplitude Pint and characteristic
time sint) and external protonation (amplitude Pext and
Table 1 Parameters retrieved by ﬁtting ﬁve ﬂuorescence correlation spectroscopy data curves of Rhodamine Green to the triplet-state
model (Eq. 3)
Data set sdif (ls) Conﬁdence
interval for
sdif (ls)
Conﬁdence
interval for
sdif (%)
strip
(ls)
Conﬁdence
interval for
strip (ls)
Conﬁdence
interval for
strip (%)
v2 (·106)
1 32.97 30.30–36.19 8.10; 9.77 0.83 0.17–1.41 79.35; 69.80 3.0
2 32.39 29.76–35.55 8.12; 9.76 0.87 0.13–1.55 85.34; 77.70 3.5
3 33.43 31.05–36.35 7.12; 8.73 1.59 0.67–2.95 58.07; 85.76 2.6
4 33.92 31.08–36.89 8.37; 8.76 1.91 1.08–3.06 43.39; 60.70 2.8
5 31.23 30.25–32.40 3.14; 3.75 0.55 0.17–0.79 69.31; 43.75 1.8
Global set 1–5 32.63 31.53–33.86 3.37; 3.77 1.10 0.84–1.38 23.11; 25.75 2.7
To show the advantage of global analysis the data sets were ﬁtted both separately and globally. The conﬁdence intervals (at 97% level) for
the diﬀusion time and triplet decay time indicate the standard deviation of these parameters. Each data set was acquired in 20 s using
110 lW of 488-nm excitation light
Fig. 3 Triplet-state dynamics of Rhodamine Green in PBS buﬀer.
a The data sets were acquired in 20 s using 1.1 W of 488-nm
excitation light attenuated by six diﬀerent density ﬁlters. The curves
were analysed using the triplet-state model (Eq. 3) with global
linking of all parameters except the fraction of the triplet state.
b The fraction of the triplet state (%) scales with the laser intensity.
The conﬁdence intervals at the 67% level are given for a global ﬁt
of 30 curves per set. The analysis resulted in sdif=33 (32–34) ls and
strip=3.3 (0.9–4.9) ls
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characteristic time sext) (for an extensive description of
the model see Haupts et al. 1998).
G sð Þ ¼ 1þ 1hNi  1þ Pexte
s=sext þ Pintes=sint
 
 1
1þ ssdif
  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ xxyxz
 2
s
sdif
r ð6Þ
For data sets obtained at pH 9–11 the pre-exponen-
tial factor for external protonation (Pext) was ﬁxed to 0,
because this eﬀect is negligible at high pH. The struc-
tural parameter was linked and ﬁxed to the value ob-
tained from the analysis of independently measured
calibration data. The diﬀusion time, internal proton-
ation time and pre-exponential factor for internal pro-
tonation are not dependent on the pH of the buﬀer and
therefore were globally linked. The ﬁtted autocorrela-
tion curves and residuals are displayed in Fig. 4a and b
and the values of the estimated parameters are presented
in Table 2. The dependence of the pre-exponential factor
and the external protonation time on pH, which is pre-
sented in Fig. 4c, is in good agreement with the results
obtained by Haupts et al. (1998).
Fluorescence autocorrelation curves of EGFP fusion
proteins in living cells
Nowadays the colour variants of GFP are widely used to
fuse to proteins and follow the localisation and
dynamics of these labeled molecules in the living cell.
For example, one can follow the translocation of
pleckstrin homology domain containing proteins from
the cytoplasm to the plasma membrane (Ruchira et al.
2004). This process plays an important role in the che-
motaxis mechanism of Dictyostelium cells (Parent and
Devreotes 1999; Firtel and Chung 2000). The diﬀusion
properties of free EGFP and PH2-EGFP, have been
analysed using the FCS Data Processor. Dictyostelium
cells move around continuously when incubated in a
buﬀer. Cellular mobility can sometimes result in a drift
of the observed ﬂuorescence intensity, thereby intro-
ducing artefacts in the autocorrelation curve (Brock
et al. 1999; Chen et al. 2002). An intensity trace obtained
from a measurement of 90 s is shown in Fig. 5a. The
drifts take place on a time scale of a few seconds and are
probably due to cellular or intracellular movement.
When the complete intensity trace is used for calculation
of the autocorrelation curve, the artefact is clearly
present on the long time scale (Fig. 5b, c). The curves
were not successfully ﬁtted with a 3D diﬀusion model,
resulting in large ﬁt-residuals and diﬀusion coeﬃcients
that are signiﬁcantly smaller than the ones obtained in
cells without ﬂuorescence intensity drifts. In order to
minimise the eﬀect of the intensity drifts on the ﬁtting
parameters, the data editor of the software was used to
analyse the data on time sections smaller than the typical
time scale of the intensity drift. If the time sections are
small the resulting signal-to-noise ratios will be low but
can be overcome by analysing the data globally. When
selecting the appropriate time sections a tradeoﬀ must be
made to minimise the duration of the selected segment
but to maximise the signal-to-noise ratio. The six time
sections, each approximately 10 s in size, were auto-
correlated and globally analysed (Fig. 5d, e). The re-
trieved diﬀusion coeﬃcients of around 22·1012 m2 s1
(Table 3) are close to the values obtained in cells without
ﬂuorescence intensity drifts.
Concluding remarks
We have described global analysis techniques for anal-
ysis of ﬂuorescence ﬂuctuation data. The methodology is
Fig. 4 Analysis of the autocorrelation curves of enhanced green
ﬂuorescent protein (EGFP) in buﬀers of diﬀerent pH. a The data
sets were ﬁtted globally according a protonation-state model
(Eq. 6) that yielded good quality ﬁts as judged from the ﬁt
residuals in b. The autocorrelation curves were normalized at the
origin. c The analysis resulted in parameters describing the internal
and external protonation of the EGFP chromophore. The external
protonation, i.e. the exchange of protons with the buﬀer, is
dependent on the pH of the buﬀer. Precise analysis of the relation
between Pext (ﬁlled diamonds) and sext (open circles) with pH
provides insight into the chemical dynamics of this process
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based on simultaneous analysis of multiple autocorre-
lation functions yielding internally consistent ﬁtting
parameters within ﬁnite conﬁdence limits (obtained after
a rigorous error analysis). The algorithms were tested for
diﬀerent experimental systems. First, we analysed a rel-
atively simple system: a low concentration of the stan-
dard dye Rhodamine Green in aqueous solution. The
model that best describes the experimental autocorrela-
tion functions consists of two dynamic processes: triplet-
state relaxation and (slower) diﬀusion. Global analysis
linking of triplet-state lifetimes and diﬀusion times re-
sulted in well-deﬁned parameters. To demonstrate the
potential of FCS in studying chemical reactions a more
complex system was selected: EGFP in buﬀers of vary-
ing pH. The optimal model describing the experimental
FCS data is one that includes two types of protonation
reactions in addition to diﬀusion. Exploiting some prior
knowledge of the internal protonation step in this sys-
tem,we could precisely recover the parameters describing
external protonation (proton exchange of chromophore
with buﬀer) using global analysis. Finally, the most
complex system consists of FCS measurements of EGFP
in the conﬁnement of a living cell. Here, the ﬂuorescence
intensity ﬂuctuations often show an unpredictable pat-
tern over time owing to (intra)cellular movements. By
dissecting the ﬂuorescence intensity trace into much
smaller segments, global analysis of the short-time
autocorrelation functions yielded realistic diﬀusion
constants despite the lower signal-to-noise ratios of each
individual curve. Although not demonstrated in this
paper, the software tools can also be used to analyse
FCCS data.
Summarising, we have shown that the FCS Data
Processor with its strong analytical power and ﬂexibility
is a useful tool for FCS data analysis. The structure of
the software package, which includes a data manage-
ment system and an object-oriented modular analysis
scheme, makes the software easily extendable and
eﬀective in use. In addition, the application of global
analysis together with the generation of initial guesses
Table 2 Analysis of the ﬂuorescence autocorrelation curves of en-
hanced green ﬂuorescent protein (EGFP) in buﬀers of diﬀerent pH
sint (ls) 112
sdif (ls) 509
Pint 0.0549
pH Pext sext (ls)
5.0 4.457 0.073
5.5 2.195 0.112
6.0 0.919 0.142
6.5 0.486 0.217
7.0 0.193 0.258
7.5 0.120 0.372
8.0 0.098 0.461
The data sets were ﬁtted globally according a protonation-state
model (Eq. 6) resulting in parameters describing the diﬀusion (sdif)
and the internal (Pint, sint) and external (Pext, sext) protonation
Fig. 5 a Fluorescence intensity of a Dictyostelium cell expressing
PH2-EGFP. The data are binned to 200 ms. b The drift in the
intensity as seen in a causes artefacts in the autocorrelation curve
that cannot be ﬁtted well to the triplet-state/diﬀusion model (Eq. 3)
as judged from the ﬁtting residuals in c. d In order to minimise the
eﬀect of the intensity drifts on the ﬁtting parameters, six time
sections, each approximately 10 s in size, were autocorrelated and
globally analysed, resulting in signiﬁcantly reduced residuals (e).
The v2 value for ﬁtting the whole trace was 167 and an average v2
of 1.558 was found for the globally ﬁtted sections
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increases the accuracy and speed of analysis, which can
be further accelerated with the use of analysis templates.
More information on the FCS Data Processor can be
obtained from info@sstcenter.com.
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